To reconstruct the magmatic-hydrothermal processes leading to porphyry Mo ore formation at the Climax Mo mine, Colorado, four magma units that were emplaced before, during and shortly after the mineralization events were investigated: (1) a pre-mineralization white dike of the Alma district; (2) the syn-mineralization Chalk Mountain Rhyolite; (3) a late-to post-mineralization rhyolite porphyry dyke; (4) a mafic enclave within the productive Bartlett stock. Melt inclusions, mineral inclusions and fluid inclusions in quartz phenocrysts were investigated by means of laser ablation inductively coupled plasma mass spectrometry, electron microprobe and microthermometry. Based on melt inclusion data both the Chalk Mountain Rhyolite and the rhyolite porphyry were $10 times more fractionated than average granite and show geochemical characteristics of topaz rhyolites. They were saturated in magnetite, Mn-rich ilmenite, fluorite, aeschynite, monazite, pyrrhotite and thorite, and crystallized predominantly at 710-730 C, 1Á2-2Á6 kbar and log fO 2 % FMQ þ 2Á2 (where FMQ is fayalite-magnetite-quartz). The silicate melt of the Chalk Mountain Rhyolite contained 3Á5 6 0Á4 wt % F, 0Á09 6 0Á03 wt % Cl, ! 3Á0 wt % H 2 O, 15-90 mg g -1 Cs, 500-1500 mg g -1 Rb and 5-7 mg g -1 Mo, whereas that of the rhyolite porphyry contained 1Á1 6 0Á3 wt % F and 4Á9 6 1Á2 wt % H 2 O, but otherwise had a virtually identical major and trace element composition. The fluid exsolving from the latter melt had a bulk salinity of 10 6 2 wt % NaCl equiv and contained of the order of 100 mg g -1 Mo. After emplacement of the Chalk Mountain Rhyolite magma at subvolcanic levels, extremely fractionated silicate melts coexisting with hypersaline brines (salt melts) and low-density vapor percolated at near-solidus conditions through the rock. These silicate melts contained 6Á6 6 0Á4 wt % F, ! 7Á5 6 0Á6 wt % H 2 O, 0Á51 6 0Á05 wt % Cl, and up to 0Á5 wt % Cs and 100 mg g -1 Mo, whereas the hypersaline brines contained 1-2 wt % Cs and 0Á3-0Á6 wt % Mo. However, owing to their negligible masses these liquids are unlikely to have played a major role in the mineralization process. The majority of Mo in the Climax deposit appears to have been derived from melts containing 5-7 mg g -1 Mo and bulk fluids containing $100 mg g -1 Mo. These concentrations are similar to those found in similarly fractionated melts and fluids in barren and sub-economically mineralized intrusions. However, whereas in the latter intrusions fractionated melts occurred in a rather dispersed state, they seem to have been present as large, coherent masses in the apical parts of Climax-type porphyry Mo-forming magma systems. Efficient segregation of fractionated melts and fluids into the top of mineralizing magma chambers appears to have been promoted by high fluorine concentrations in the silicate melt, which was partly a primary feature, and partly an indirect consequence of other characteristics of within-plate magmatism.
INTRODUCTION
The porphyry Mo deposit at Climax, Colorado, USA, represents the type locality of a distinct class of high-grade, fluorine-rich porphyry Mo deposits associated with highly evolved rhyolites (i.e. Climax-type deposits; White et al., 1981; Carten et al., 1993) . There has been considerable dispute regarding the metal content of ore-forming melts and fluids and the origin of the high ore grades that are characteristic for these deposits. Based on the Mo content of little altered samples from the ore-related porphyry stocks some researchers concluded that the Mo content of the ore-forming magmas was low (<20 mg g -1 ), and thus that very large volumes of melts and fluids were necessary to produce the deposits (e.g. Keith & Shanks, 1988) . Other researchers (e.g. Carten et al., 1988) proposed that the ore-forming magmas had extremely high Mo contents (>1000 mg g -1 up to 1Á3 wt %) prior to their solidification. The dispute cannot be solved by whole-rock analyses because in these samples metals are likely to have been lost or added during and after magma solidification. Relatively few direct measurements of Mo concentrations in melt and fluid inclusions associated with porphyry Mo systems exist so far: melt inclusions from silicic tuffs at Pine Grove (Utah) and Urad-Henderson (Colorado) contain 2-4 mg g -1 Mo and 10-20 mg g -1 Mo, respectively (Lowenstern, 1994; Audé tat et al., 2011; Mercer et al., 2015) whereas melt inclusions at Cave Peak (Texas) contain 5-10 mg g -1 Mo (Audé tat, 2010). Pre-mineralization, intermediate-density fluid inclusions at Questa (New Mexico) contain 40 640 30 mg g -1 Mo (Klemm et al., 2008) , and those at Cave Peak 100-110 mg g -1 Mo (Audé tat, 2010) . These data are in clear favor of the first model (i.e. large volumes of relatively Mo-poor fluids and melts); however, more data are needed to allow definitive conclusions.
The purpose of this study is to provide a detailed assessment of the composition of melts, fluids and minerals in the magmas associated with Climax, with particular focus on melt, fluid and mineral inclusions preserved in quartz phenocrysts. To increase the likelihood of finding well-preserved inclusions the samples were not collected within the ore deposit itself, but rather from dikes and subvolcanic intrusions at several kilometers distance. Three main rock units were investigated: (1) a rhyolite dike that has been interpreted to be genetically related to, but older than, the productive magmas at Climax (Bookstrom et al., 1988; Bookstrom, 1989) ; (2) the Chalk Mountain Rhyolite, which is considered a subvolcanic equivalent of the productive magmas (Bookstrom et al., 1988; Wallace, 1995) ; (3) a late-to post-mineralization rhyolite porphyry dike of the Climax magma system. In addition, a sample from a mafic enclave within the productive Bartlett stock, kindly provided by Arthur Bookstrom, was investigated.
Geological background
The geology of the area around Climax is summarized in Fig. 1 . This has been compiled from the maps of Widmann et al. (2004a Widmann et al. ( , 2004b , Wallace et al. (2005) and McCalpin et al. (2012) , and includes an interpretative cross-section modified from Bookstrom et al. (1988) . The Neogene 75-80 west-dipping Mosquito normal fault divides the host rocks into Proterozoic basement to the east and Paleozoic sedimentary rocks to the west. The Proterozoic basement consists of quartz monzonitic intrusions, granitic gneiss, biotite gneiss and migmatite. The Paleozoic sedimentary rocks west of the Mosquito fault were downfaulted by $2700 m (McCalpin et al., 2012) relative to the basement in the east and consist of conglomerate, sandstone and shale with interlayered limestone beds. Between 45 and 35 Ma, quartz monzonitic and monzodioritic sills, stocks and dikes were emplaced both in the Proterozoic basement and in the Paleozoic sedimentary rocks. These intrusions are related to the waning stages of Laramide plate subduction and are locally mineralized with Ag, Pb and Zn, plus minor Cu and Au (Bookstrom, 1989) . In the subsequent atectonic regime between the end of Laramide compression and the beginning of rifting along the Rio Grande Rift, silica-rich magmas were emplaced at 35-25 Ma along with minor mafic alkaline magmas (Bookstrom, 1981 (Bookstrom, , 1989 Bookstrom et al., 1988) . The intrusive sequence started at 34Á9 6 4Á0 Ma with very leucocratic, crystal-poor rhyolite dikes in the eastern part of the area shown in Fig. 1 [named 'late white rhyolites of the Alma district' by Bookstrom et al. (1988) ] and was followed by at least five generations of granitic porphyry stocks and dikes centered on the Climax deposit. The first of these intrusions is the 33Á2 6 2Á1 Ma Alicante stock (previously called 'Southwest Mass'), which is the only one exposed on the surface. The Alicante stock produced the uppermost Mo ore shell (the 'Ceresco ore body'), most of which was removed by erosion. At $200 m further depth the Alicante stock is cut by the 29Á8 6 0Á4 Ma Bartlett stock (previously called 'Central Mass') that formed the economically important upper ore body. Another $200 m deeper the Bartlett stock is cut by the 26Á1 6 1Á2 Ma Wallace stock (previously called 'Aplitic Phase') that formed the lower ore body. Finally, the 24Á4 6 5Á0 Ma Traver Stock (previously called 'Seriate Granite', 'Sodic Granite' or 'Porphyritic Granite Phase'), was emplaced at another $200 m greater depth. The latter intrusion developed only minor Mo mineralization. A set of WNW-ESE-trending rhyolite porphyry dikes (also called 'Climax late dikes' or 'late leucorhyolite porphyry dikes') has been dated at 25Á5 6 0Á3 Ma (Bookstrom et al., 1988) . They are younger than the Wallace stock but older than the Traver stock, and thus are considered as late-to post-mineralization. All age data reported above represent K-Ar cooling ages. Unpublished U-Pb ages suggest a considerably shorter time span for the crystallization of these various intrusive phases (Eric Seedorff, personal communication) .
The 34Á9 6 4Á0 Ma white rhyolite dikes of the Alma district contain 1-5 vol. % small ( 2 mm) phenocrysts of quartz, sodic plagioclase (An 5-15 ) and potassic feldspar (57) (58) (59) (60) (61) (62) ) set in an aphanitic groundmass (Bookstrom, 1989) . Dark-colored minerals are virtually absent. Genetically associated hydrothermal veins contain quartz, calcite, pyrite, sphalerite, chalcopyrite, galena, molybdenite, magnetite, huebnerite and bismuthinite, and have locally been mined for Au, Ag, Zn and Pb. The metal association in these veins is similar to that of peripheral veins of the Climax system, which contain pyrite, galena, sphalerite and traces of huebnerite, molybdenite, hematite, chalcopyrite, tetrahedrite, pyrargyrite, argentite, native gold and/or electrum in a gangue consisting of quartz, fluorite, rhodochrosite, calcite and/ or minor barite (Bookstrom, 1989) . Several late white rhyolite dikes were sampled, but only one of them (located along the 4WD trail to Wheeler Lake; Fig. 1a ) contained analysable melt inclusions in quartz phenocrysts.
The Chalk Mountain Rhyolite has been dated at 27Á7 6 1Á9 Ma by the K-Ar method (Bookstrom, 1989) ; this age is between those reported for the productive Bartlett stock (29Á8 6 0Á4 Ma) and the productive Wallace stock (26Á1 6 1Á2 Ma). The rhyolite mass shows Interpretative cross-section along the dash-dot line in (a) [modified after Bookstrom et al. (1988) ]. The terrain to the west of the Mosquito fault was downfaulted by c. 2700 m in Neogene times.
clear intrusive relationships with the surrounding Paleozoic sedimentary rocks. It is mineralogically and geochemically very similar to the Alicante and Bartlett stocks and is thus considered a subvolcanic equivalent of the mineralizing magmas at Climax (Bookstrom et al., 1988; Wallace, 1995) . This interpretation is further supported by the fact that the Chalk Mountain Rhyolite contains mafic enclaves similar to those present in the Bartlett stock (Bookstrom et al., 1988; Wallace, 1995) , whereas no enclaves are reported from any other units of the Climax magma system. Three samples were collected: two beneath the Paleozoic roof pendant at the top of Chalk Mountain (ChMt2 and ChMt3), and one halfway up along the 4WD trail that leads to the summit (ChMt4). All samples contain $60 vol. % phenocrysts of sanidine (up to 2 cm), smoky quartz (up to 1 cm), plagioclase (mostly andesine; up to 1 cm), biotite and magnetite set in an aphanitic groundmass composed of the former minerals plus rare topaz ( Fig. 2a and b) .
The 25Á5 6 0Á3 Ma late-to post-mineralization rhyolite porphyry dikes cut the upper and lower ore bodies and are themselves cut by the Traver stock. Single dikes can be traced over several kilometers from the mineralized center in a southeastern direction (Bookstrom, 1989; Fig. 1a) . Three samples (Clx4, 6, 10) were collected from a single dike cropping out at elevations ranging from 12 400 to 13 000 feet (3780-3960 m) east of Traver Peak. The dike is texturally and mineralogically zoned, featuring a core containing $60 vol. % phenocrysts of potassic feldspar (Ab 34 Or 65 An 1 ; up to 1 cm), quartz (colorless; up to 8 mm), albite (An 0-7 ; up to 1 cm) and biotite (partly to wholly replaced by muscovite; up to 5 mm) set in a microcrystalline groundmass of the same minerals (Fig. 2c) , and margins containing $40 vol. % small ( 2 mm), strained quartz and feldspar phenocrysts set in an aphanitic, almost glassy groundmass.
The mafic enclave studied from the Bartlett stock [labeled Tbk in fig. 3 of Bookstrom et al. (1988) ] contains $3 vol. % phenocrysts of biotite and plagioclase (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) ), and pseudomorphs after some mafic silicates, plus $18 vol. % xenocrysts (derived from mingling with the surrounding granitic magma) of quartz, potassic feldspar and sodic plagioclase set in a microcrystalline groundmass consisting of subequal amounts of feldspar, biotite and magnetite (Fig. 2d) . Although this rock has previously been called a lamprophyre, the presence of cognate plagioclase phenocrysts implies that it should be classified following the regular scheme for volcanic rocks. Both a whole-rock analysis published by Bookstrom et al. (1988) and two laser-ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) analyses of the microcrystalline matrix plot within the field of basaltic trachyandesite in a total alkalis vs SiO 2 diagram, for which reason this term will be used here. The presence of euhedral quartz and K-feldspar xenocrysts in the enclave implies that the basaltic trachyandesite magma mingled with the surrounding granitic magma when it was still partly molten, hence the basaltic trachyandesite should be of the same age as the Bartlett stock (29Á8 6 0Á4 Ma; Bookstrom, 1989 ).
METHODS
Polished sections of 100 mm (basaltic trachyandesite) and 300-500 mm (all other samples) thickness were examined in a standard petrographic microscope using reflected and transmitted light. Special attention was paid to mineral, melt and fluid inclusions in quartz phenocrysts and unaltered feldspar phenocrysts. Mineral inclusions and selected daughter phases within fluid inclusions and melt inclusions were identified using a Horiba Scientific LabRAM HR800 Raman spectrometer equipped with a 632Á8 nm HeNe laser source.
A total of 30 primary melt inclusions in quartz phenocrysts of Chalk Mountain sample ChMt4, rhyolite porphyry dike sample Clx6, and Alma white dike sample Clx15 were re-homogenized in three steps of 45-70 h duration each at 700 , 750 and 800 C and 1Á5-2Á0 kbar confining Ar pressure in rapid-quench TZM cold-seal pressure vessels. For this purpose, fragments of quartz phenocrysts were cut out of the doubly polished thick sections and placed in an open sample holder within the TZM vessel. After each step the samples were rapidly quenched in situ, taken out of the vessel, and examined under the microscope (Fig. 3) . Three secondary melt inclusions in sample ChMt3 were re-homogenized in a similar fashion in three steps of 10-22 h duration at 600, 650 and 700 C and 1-1Á5 kbar confining pressure. After exposing re-homogenized melt inclusions on the surface by means of polishing they were analyzed by electron probe microanalysis (EPMA) for major elements and F, Cl and S. These analyses were performed on a JEOL JXA-8200 microprobe equipped with five spectrometers and TAP, PET, LiF and LDE1 crystals, using 15 kV, 20 nA and a beam defocused to 10 mm. Na and K were measured 10 s on peak and 5 s on each background (10/2 Â 5), Si, Al, Ti, Fe, Mn, Mg and Ca with 20/2 Â 10, and F, Cl and S with 60/2 Â 30. Na, F, Cl, S and Fe were measured first. Time-resolved signals reveal up to 10% loss of Na in the most hydrous glasses, but no loss of Cl and F. Standardization was performed on albite (Na, Si), orthoclase (K), spinel (Al), MnTiO 3 (Mn, Ti), metallic Fe, enstatite (Mg), wollastonite (Ca), fluorite (F), vanadinite (Cl) and barite (S). The fluorine content of a topaz crystal that was previously characterized by X-ray diffraction (XRD) [20Á5 6 0Á5 wt % F according to the equations for cell parameters a and b given by Alberico et al. (2003) ] was well reproduced by the EPMA measurements (20Á3 6 0Á2 wt % F).
A total of 74 melt inclusions, 21 fluid inclusions, 103 mineral inclusions and phenocrysts, six fine-grained rock matrices, and one sulfide inclusion were analyzed by LA-ICP-MS. The utilized system consists of a 193 nm ArF Excimer laser (GeolasPro system; Coherent; USA) attached to a quadrupole mass spectrometer (Elan DRC-e; Perkin Elmer; Canada). The laser was operated at 5-10 Hz and an energy density of 3-10 J cm -2 on the sample surface, using laser pits ranging from 15 to 70 mm in diameter. Fine-grained rock matrices were analyzed with an 80 mm pit and the sample was moved during ablation, resulting in a total ablation area of $1000 mm 2 . The sample chamber was flushed with He gas at a rate of 0Á4 l min -1 , to which 5 ml min -1 H 2 gas was added on the way to the ICP-MS system (Guillong & Heinrich, 2007) . Measured isotopes include The inclusion contains daughter crystals of quartz and cryolite, plus a low-density vapor phase that was intersected during polishing. The original outline of the inclusion is marked by a faint, rectangular halo (white arrows). (f, g) Heating sequences of two quartz-hosted melt inclusions that were partially homogenized in three steps at 1Á5-2Á0 kbar confining Ar pressure in a rapidquench cold-seal pressure vessel. U, and they were measured using dwell times of 10-50 ms per isotope. The ICP-MS system was tuned to a ThO rate of 0Á07 6 0Á02% and a rate of doubly charged Ca ions of 0Á10 6 0Á02% based on measurements on NIST SRM 610 glass.
Entire, unexposed melt inclusions (64 crystalline, three naturally glassy, and seven re-homogenized) were drilled out of the surrounding host quartz and excess quartz was subtracted numerically from the resulting LA-ICP-MS signals to obtain the melt composition (Halter et al., 2004; Pettke, 2006) . External standardization was based on a natural obsidian glass that was previously characterized by EPMA and LA-ICP-MS using a variety of commercial standards including ATHO-G, StHe6/80-G [both described by Jochum et al. (2006) ], NIST SRM 610 (Jochum et al., 2011) , NIST SRM 621 and BAM-S005-A (Yang et al., 2012) . Internal standardization of all melt inclusions analyzed from Chalk Mountain and the late-to post-mineralization dike was based on 13Á5 wt % Al 2 O 3 , which corresponds to the mean Al 2 O 3 content of whole-rock analyses reported from these two magmatic units (13Á8 and 13Á3 wt %, respectively; Bookstrom et al., 1988) . This approach returns SiO 2 concentrations that are very reasonable for evolved rhyolites (77-80 wt % SiO 2 ; calculated by difference to an anhydrous total of 100 wt %), and the internal standard value agrees within error with the 12Á7 6 0Á8 Al 2 O 3 (normalized dry) measured by EPMA in re-homogenized melt inclusions of the rhyolite porphyry dike. Internal standardization of the four melt inclusions analyzed from the white dike of the Alma district was based on the Al 2 O 3 determined by LA-ICP-MS scan analysis of the fine-grained rock matrix (13Á0 wt % Al 2 O 3 ). LA-ICP-MS analyses of quartz were quantified based on NIST 610 as external standard and normalizing the sum of all major element oxides to 100 wt %. The accuracy of the quartz analyses was periodically confirmed with the quartz standard described by .
Hypersaline brine inclusions were quantified using natural afghanite (for Cl and S; Seo et al., 2011) and NIST SRM 610 glass (for all other elements) as external standards and then normalizing the sum of all analyzed major elements plus estimated contents of fluorine and SiO 2 to 90 wt % (see below). Analyses of Fe-Ti-oxides were quantified based on a natural ilmenite (major elements) and NIST SRM 610 (minor to trace elements) as external standards and then normalizing the sum of all major element oxides to 100 wt %. The sulfur content of a sulfide inclusion within plagioclase of the basaltic trachyandesite enclave was standardized using a synthetic pyrrhotite (Laflamme Po724 T3 SRM of Memorial University) as external standard, whereas NIST SRM 610 was used for minor and trace elements. Internal standardization was done by normalizing the sum of Fe, S and Cu to 100 wt %. Overall uncertainties are $10% for all types of inclusions mentioned above, except for the hypersaline brine inclusions and the extremely evolved, secondary melt inclusions analyzed from the Chalk Mountain Rhyolite; the latter analyses are associated with estimated uncertainties of $20% and $30%, respectively (see below).
RESULTS

Chalk Mountain Rhyolite Inclusion petrography
Quartz phenocrysts in the Chalk Mountain Rhyolite are smoky colored, up to 6 mm in size and have euhedral to rounded shapes (Fig. 2) . In sample ChMt4 the intensity of the smoky coloration varies both within phenocrysts and between grains. In most of the large phenocrysts several growth zones can be recognized in transmitted light based on alternating intensities of smoky coloration. The following primary mineral inclusions within crack-free quartz phenocrysts were identified by optical means, Raman spectroscopy and LA-ICP-MS (Table 1) : plagioclase, K-feldspar, biotite, magnetite, ilmenite, zircon (commonly metamict), aeschynite (brown translucent laths), thorite (clear, transparent crystals with shapes ranging from tabular to needle-like), monazite (slightly yellowish, often rounded crystals), fluorite and pyrrhotite. All these inclusions occur within large volumes of completely undisturbed quartz (e.g. Fig. 3b and c), which unambiguously proves their magmatic origin. Despite extensive search no inclusions of magmatic molybdenite (Audé tat et al., 2011) were found.
Melt inclusions are finely to coarsely crystallized and are commonly surrounded by halos of tiny fluid inclusions (Fig. 3a) , which is indicative of postentrapment water loss. Loss of water is suggested also by the fact that the primary melt inclusions did not reach vaporliquid homogenization during stepwise heating to 800 C ( Fig. 3c and d) , which temperature is significantly higher than the 700-730 C obtained from three independent mineral thermometers (see below). The same conclusion can be drawn from the fact that the feldspar daughter crystal dissolves before the vapor bubble disappears ( Fig. 3c and d) , as the trapped melt certainly was saturated in feldspar. Interestingly, a few small melt inclusions were preserved as a glass. This observation and the unexsolved nature of the sanidine phenocrysts appears to indicate an extrusive origin of the Chalk Mountain Rhyolite. However, field relationships clearly demonstrate that the rhyolite mass intruded into the Paleozoic sedimentary rocks (Fig. 1) , hence at least the preserved portions were emplaced below the surface. The preservation of glass in some small inclusions could be a consequence of rapid H 2 O loss after emplacement of the rhyolite mass at subvolcanic levels. An interesting feature of many crystallized melt inclusions in both quartz and sanidine phenocrysts is the presence of a cryolite (Na 3 AlF 6 ) daughter crystal (Fig. 3b) . This daughter phase typically occupies 5% of the original volume, but in some primary melt inclusions in samples ChMt2 and ChMt3 it appears to occur in higher quantities.
Whereas the quartz phenocrysts in sample ChMt4 are mostly clear and contain only some recent, unhealed cracks (Fig. 3a) , those present in the two samples collected directly below the roof of the Chalk Mountain intrusion (ChMt2 and ChMt 3) are crosscut by numerous fluid and melt inclusion trails (Fig. 4a) . Most of these trails contain very low-density vapor inclusions (Fig. 4c ), but some contain melt inclusions that trapped highly evolved silicate melts (Fig. 4b) , and others contain hypersaline brine ('salt melt') inclusions ( Fig. 4d and e) . In some trails, both vapor inclusions plus brine inclusions, or vapor inclusions plus melt inclusions occur together (Supplementary Data Fig. S1 ; supplementary data are available for downloading at http://www.petrology.oxfordjournals.org). The highly evolved melt inclusions and the hypersaline brine inclusions look optically very similar; however, they can be clearly distinguished by LA-ICP-MS based on their contrasting major and trace element compositions; for example, >1000 times higher Cl/Al and S/Al ratios in the hypersaline brine inclusions (Supplementary Data  Fig. S2 ). Importantly, along a given trail the inclusion compositions are highly reproducible (Supplementary Data Fig. S2 and Table S1 ), demonstrating that they represent true liquids without accidental entrapment of solid phases. Another striking difference between brine inclusions and melt inclusions is that only the latter can be quenched to glass after heating to high temperature. Both types of inclusion contain large daughter crystals of cryolite (confirmed by both Raman spectroscopy and LA-ICP-MS) that make up $10-20 vol. % of the solid mass of the inclusions. The highly evolved melt inclusions reach liquid-vapor homogenization at 600-650 C during stepwise heating, but they do not attain regular negative-crystal shapes (Fig. 4f) , indicating that these inclusions may also not have attained full re-homogenization at 650 C. Internal standardization of the LA-ICP-MS analyses was thus based on the same Al 2 O 3 concentration that was used for the primary melt inclusions, rather than on EPMA data obtained on three 're-homogenized' inclusions (see below). The hypersaline brine inclusions do not contain any visible liquid phase at room temperature, for which reason the LA-ICP-MS analyses have been normalized to 90 wt % solids including estimated contents of F and SiO 2 (see below). Secondary trails containing melt inclusions, hypersaline brine inclusions and/or low-density vapor inclusions are present also in the quartz phenocrysts of sample ChMt4, but in this sample they are far less numerous than in the two samples collected near the roof of the intrusion.
Sanidine phenocrysts Or [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] ; n ¼ 12) are optically transparent and commonly contain inclusions of plagioclase (Ab 76-88 An 07-20 ; n ¼ 13) and crystallized melt inclusions (Fig. 3b) . Mafic minerals in the Chalk Mountain Rhyolite comprise small biotite phenocrysts (up to 3 mm) and polymineralic clots consisting of magnetite, ilmenite and smaller amounts of ilmenorutile and aeschynite (Supplementary Data Fig. S3 ). Biotite phenocrysts commonly contain numerous small magnetite inclusions that are regularly distributed throughout the entire grain, suggesting that they formed through exsolution of an originally more Fe-rich biotite rather than by accidental trapping of magnetite grains during biotite growth.
Analytical data from Chalk Mountain
Representative LA-ICP-MS analyses of melt inclusions, fluid inclusions and minerals from Chalk Mountain are listed in Tables 2-4 . The full dataset is provided in 
Both phenocryst minerals and magmatic accessory phases trapped as primary inclusions in quartz or feldspar phenocrysts are listed; Kfsp, potassic feldspar.
*K-Ar data from Bookstrom et al. (1988) and Bookstrom (1989) . †
Timing with respect to mineralization.
Supplementary Data Tables S1-S4. Primary melt inclusions in quartz and sanidine phenocrysts are all rhyolitic in composition. Only three of them were hosted in sanidine; the remaining 71 inclusions were hosted in quartz. Sodium concentrations in crystallized melt inclusions in quartz are low owing to postentrapment diffusion of Na through the quartz host (Audé tat Zajacz et al., 2009; Audé tat & Lowenstern, 2014) . Most of the primary melt inclusions display a trace element signature that plots within the field of within-plate (A-type) granites in the tectonic discrimination diagrams of Pearce et al. (1984) (Fig. 5) . However, the highly evolved, secondary melt inclusions (which will be discussed below) plot dominantly within the field of syncollisional granites. Cesium is the element that behaved most incompatibly during magma evolution; hence, it is used as an indicator of the degree of magma fractionation. In contrast, Sr and Ba behaved compatibly. Primary melt inclusions in the Chalk Mountain samples record a magma evolution from 14-20 mg g -1 Sr at 7 mg g -1 Cs to 1-3 mg g -1 Sr at 85 mg g -1 Cs. During closedsystem fractional crystallization an increase from 7 to , and others contain hypersaline brine inclusions (d, e; sample ChMt3). The highly evolved melt inclusions and the hypersaline brine inclusions look optically similar: both contain a cryolite daughter crystal, a distorted vapor bubble and several other solids. However, the solid phases in the brine inclusions are generally less birefringent than those in the melt inclusions, and the brine inclusions typically display conspicuous recesses owing to the presence of barely visible NaCl daughter crystals (d). cryo, cryolite; hal, halite; vap, vapor; sulf, unidentified sulfate; mic, mica. (f) Heating sequence of two highly evolved, secondary melt inclusions that were homogenized in three steps at 2 kbar confining Ar pressure in a rapid-quench coldseal pressure vessel.
85 mg g -1 Cs corresponds to !92% crystallization. Rubidium, B and Mo generally behaved highly incompatibly during magma fractionation (Fig. 6a) , but in the interval from 20 to 100 mg g -1 Cs the concentration of Mo in the melt remained conspicuously constant. As will be discussed below, this intermittent lack of Mo increase may be due to exsolution of Mo-rich fluids at the time of ore formation. Above a fractionation level corresponding to $20 mg g -1 Cs in the melt, the levels of Y, Nb and Th either remained constant or decrease (Fig.  6b) , which probably is a consequence of the crystallization of aeschynite, ilmenorutile and thorite (Table 1) . Interestingly, melt inclusions in phenocryst rims are commonly less fractionated than melt inclusions in the core of the same phenocryst, and the fine-grained matrix of sample ChMt4 is significantly less evolved (containing $0Á2 wt % MgO, $220 mg g -1 Ba, and $90 mg g -1
Sr) than the least fractionated melt inclusions analyzed within the phenocrysts (containing $0Á05 wt % MgO, $20 mg g -1 Ba, and $20 mg g -1 Sr; Supplementary Data Table S1 ). This suggests that at least two episodes of magma chamber replenishment occurred: one after $60-80 vol. % of the quartz phenocryst crystallized, and one immediately before magma emplacement. Multiple episodes of magma chamber replenishment are also indicated by complexly zoned plagioclase phenocrysts recording periods of crystal resorption (Supplementary Data Fig. S4 ).
Lithium concentrations show a large spread from 1200-1500 mg g -1 in glassy inclusions to 4500-8000 mg g -1 in crystallized melt inclusions. The latter values have major implications for melt alkalinity because Li is 5Á6 times lighter than K, hence in terms of molar abundance 0Á5 wt % Li equates to $3 wt % K 2 O. However, rehomogenized melt inclusions contain much less Li than their crystalline counterparts, and the Li contents of all inclusion types show a distinct correlation with Na content (Supplementary Data Fig. S5 ), suggesting that Li concentrations higher than $1000-1500 mg g -1 are an artefact caused by diffusive exchange of alkalis through the host quartz.
EPMA analyses of 12 re-homogenized melt inclusions are listed in Supplementary Data Table S2 . As discussed above, the primary melt inclusions in the Chalk Mountain Rhyolite samples could not be fully homogenized because they lost water. Based on phase relations in the haplogranite system (shrinking of the quartz field with decreasing pressure; Johannes & Holtz, 1996) and by comparing the EPMA data with those obtained by whole-rock analysis and LA-ICP-MS, it becomes evident that the melt inclusions did not only fail to attain liquidvapor homogenization but also did not re-dissolve all the SiO 2 that was originally present in the melt. Agreement between all three datasets is obtained if (1) 17-23 wt % quartz are numerically admixed to the EPMA data (resulting in an increase of absolute SiO 2 contents by 6-9 wt %), (2) Na 2 O is set to 4Á0 wt %, and (3) all results are reported volatile-free. The value of 4Á0 wt % Na 2 O is based on (1) the upper range of Na contents of homogenized melt inclusions (4Á0-4Á2 wt % Na 2 O; Supplementary Data Table S1 ), (2) a whole-rock analysis of Chalk Mountain Rhyolite published by Bookstrom et al. (1988; 3Á75 wt % Na 2 O), and (3) LA-ICP-MS analyses of the fine-grained rock matrix (3Á5-4Á2 wt % Na 2 O; Supplementary Data Table S1 ). As a result of these corrections the original volatile concentrations measured by EPMA decrease n.a. n.a. n.a.
*Exposed inclusion. †Used as internal standard. ‡Totals in bold include data from the lower part of the table. §Owing to estimated $5 wt % additional REE-oxides. ¶Values in italics are expressed as wt % element oxide. Major elements in biotite by EPMA; all other data by LA-ICP-MS. host, signal overwhelmed by ablated host; n.a., not analyzed; Kfsp, K-feldspar; Plag, plagioclase; Mag, magnetite; Ilm-rut, ilmenorutile; Mnz, monazite; Aeschy, aeschynite.
by 17-23% to 2Á6 6 0Á6 wt % H 2 O, 0Á09 6 0Á03 wt % Cl and 3Á5 6 0Á4 wt % F. Sulfur values range from <50 to 100 mg g -1 .
Major-and trace-element compositions of mineral phases are summarized in Table 3 ; the full dataset is provided in Supplementary Data Table S3 . The Fe/ (Fe þ Mg) ratios of homogeneous, magnetite-free biotite inclusions enclosed in quartz phenocrysts [Fe/ (Fe þ Mg) ¼ 0Á38 6 0Á02; n ¼ 8] are lower than bulk analyses of magnetite-bearing biotite phenocrysts in the matrix [Fe/(Fe þ Mg) ¼ 0Á48 6 0Á08; n ¼ 13] but are in agreement with data published by Hendry et al. [1988;  Fe/(Fe þ Mg) ¼ 0Á35-0Á45]. Some biotite phenocrysts analyzed in sample ChMt4 are strongly enriched in Cr and Ni (up to 1100 mg g -1 and 100 mg g -1
, respectively, as opposed to 20 mg g -1 in other biotite phenocrysts), which may explain the unusually high Cr and Ni contents noted in whole-rock analyses of Chalk Mountain Rhyolite and productive intrusions at Climax (Wallace, 1995) , and point to admixing of primitive magma. The fluorine content of biotite inclusions within quartz phenocrysts (8Á0 6 0Á1 wt %) is extremely high (Table 3;  Supplementary Data Table S3 ), even above the experimentally determined solubility limit of 7Á0 wt % F in pure annite and phlogopite endmembers at 720-730 C and 1-2 kbar (Munoz & Ludington, 1974; Boukili et al., 2001) . All analyzed biotite inclusions were fully surrounded by quartz and were not intersected by any cracks prior to exposure by polishing, precluding them from having been affected by hydrothermal alteration after magma emplacement.
Unexposed ilmenite inclusions in quartz phenocrysts (ablated as a whole by LA-ICP-MS; n ¼ 7) contain 31 6 5 mol % pyrophanite, whereas ilmenite present in the polymineralic clots in the matrix contains 2Á4 6 0Á2 mol % pyrophanite (n ¼ 6). Unexposed magnetite inclusions in quartz, again analyzed as entities by LA-ICP-MS, contain 8Á5 6 0Á5 mol % ulvö spinel (n ¼ 2) compared with 7Á1 6 0Á3 mol % in magnetites of the polymineralic clots (n ¼ 5). These differences demonstrate that despite their relatively fresh appearance, the FeTi-oxides in the polymineralic clots extensively reequilibrated at subsolidus conditions. Plagioclase inclusions analyzed within sanidine phenocrysts contain 76-88 mol % albite and 7-20 mol % anorthite, whereas the surrounding sanidine host contains 34-43 mol % albite and 0Á5-1Á0 mol % anorthite. Molybdenum contents in magmatic minerals decrease in the following order: (Table 3 and Supplementary Data Table  S3 ).
If normalized to an internal standard value of 13Á5 wt % Al 2 O 3 the very late-stage, residual melts trapped along secondary cracks within quartz phenocrysts turn out to have a major element chemistry that is similar to that of the primary melt inclusions, but they contain up to 60 times more Cs ( 5700 mg g -1 ), up to 40 times more Bi ( 140 mg g -1 ), up to 30 times more B ( 3000 ppm) and up to seven times more Mo ( 100 mg g -1 ) (Fig. 6 ). Although they seem to be related to the primary melt inclusions through fractional crystallization (Fig. 6) , they do not plot within the field of within-plate granites in the tectonic discrimination diagrams of Pearce et al. (1984) but instead are shifted into the field of syncollisional granites (Fig. 5) . This can be explained by the fact that these melts were saturated in aeschynite, which kept the Nb and Y concentrations low while Rb concentrations were increasing. EPMA measurements on rehomogenized secondary melt inclusions returned 10 6 1 wt % F, 0Á75 6 0Á09 wt % Cl, and (based on low totals corrected for O ¼ F substitution) 10-12 wt % H 2 O. Sulfur contents (expressed as SO 3 ) are of the order of 0Á02 wt %. However, normalized dry they contain distinctly less SiO 2 (68Á8 6 0Á4 wt %) but more Al 2 O 3 (19Á8 6 0Á4 wt %), Na 2 O (5Á9 6 0Á1 wt %) and K 2 O (4Á7 6 0Á1 wt %) than the primary melt inclusions. It thus appears likely that these inclusions did not re-dissolve all precipitated sidewall quartz during the homogenization procedure, as suggested also by their failure to attain regular negative crystal shapes (Fig. 4f) . The EPMA data were thus corrected to an Al 2 O 3 content of 13Á5 wt % by numerically admixing 31-33 wt % quartz to the analyses. After this correction all major element concentrations (78Á8 6 0Á2 wt % SiO 2 ; 4Á0 6 0Á1 wt % Na 2 O; 3Á2 6 0Á1 wt % K 2 O) match those observed in primary melt inclusions (Supplementary Data Table S2 ), which is hardly a coincidence. Original volatile concentrations were correspondingly lowered by 31-33% to 6Á6 60Á4 wt % F, 0Á51 6 0Á05 wt % Cl, and 7Á5 6 0Á6 wt % H 2 O.
However, because the choice of using 13Á5 wt % Al 2 O 3 as internal standard cannot be justified more rigorously an uncertainty of 30% remains associated with both LA-ICP-MS and EPMA data for these highly evolved, secondary melt inclusions.
The hypersaline brine inclusions (salt melts) display a rather unusual bulk chemistry with very high concentrations of Mn compared with ordinary magmatic brines (Table 4 ). There is a strong deficiency of anions (Pearce et al., 1984) , showing melt inclusion data from this study and from other porphyry Mo deposits (CP, Cave Peak, Audé tat, 2010; Hen, Henderson, Mercer et al., 2015; PG, Pine Grove, Audé tat et al., 2011) , and whole-rock data for topaz rhyolites (Christiansen et al., 2007). relative to cations in the elements that can be measured by LA-ICP-MS, indicating that some additional anion was present. The presence of large cryolite (Na 3 AlF 6 ) daughter crystals making up $10-20 vol. % of the solid part of the inclusions suggests that the missing anion is fluorine. Another significant constituent of these fluids appears to have been dissolved silicate, as indicated by the presence of 3-9 wt % Al 2 O 3 (Supplementary Data Table S4 ). The amount of dissolved water, on the other hand, seems to have been 10 wt % (see above). Even though also these inclusions may have lost water, it is clear from the shallow depth of magma emplacement, their coexistence with very low-density vapor inclusions, and the high entrapment temperature (they formed at the same time as the secondary melt inclusions) that they must have been extremely saline (e.g. Bodnar et al., 1985; Webster & Mandeville, 2007) . For these reasons the LA-ICP-MS analyses were quantified by normalizing the sum of all measurable major elements plus estimated fluorine and SiO 2 contents to 90 wt % solids. Fluorine contents were estimated at 7 6 1 and 12 6 2 wt % F in samples ChMt4 and ChMt3, respectively, based on charge balance considerations and the size of cryolite daughter crystals (e.g. Fig. 4e ). The amount of originally dissolved SiO 2 is difficult to estimate, but based on Al 2 O 3 contents of 0Á6 6 0Á2 and 5Á5 6 2Á4 wt % in samples ChMt4 and ChMt3, respectively, and a SiO 2 /Al 2 O 3 weight ratio of $2 measured in fluorite-hosted brine inclusions from the Mole Granite (Audé tat et al., 2000), SiO 2 contents of 1Á5 and 10 wt %, respectively, are considered reasonable. Based on this quantification procedure (which is associated with an estimated uncertainty of $20%) the hypersaline brines contained c. 20-40 wt % Cl, 4-17 wt % Na, 10-15 wt % Mn, 5-10 wt % K, 1Á2-2Á0 wt % Cs, 0Á6-0Á8 wt % Rb, 0Á01-1Á6 wt % Th, 0Á3-0Á6 wt % Mo, 0Á3-1Á5 wt % Zn, 0Á1-0Á4 wt % Bi, 0Á3 wt % W, 0Á1-0Á4 wt % Pb, 0Á01-0Á1 wt % U and 0Á01-0Á7 wt % Cu. It is noteworthy that most of these elements form large-scale geochemical anomalies above porphyry Mo deposits (Sharp, 1978; Shaver, 1986; Seedorff & Einaudi, 2004; Ludington & Plumlee, 2009 ).
Late-to post-mineralization rhyolite porphyry dike
The late-to post-mineralization rhyolite porphyry dike (samples Clx4-6) investigated in this study is Fig. 6 . Compositional evolution of silicic melts in the Climax magma system, as recorded by quartz-hosted melt inclusions. ChMt prim., primary melt inclusions in Chalk Mountain Rhyolite; ChMt sec., secondary melt inclusions in Chalk Mountain Rhyolite; dike, primary melt inclusions in rhyolite porphyry dike. Cesium is used as an indicator of melt fractionation. To increase its concentration from 1 to 1000 mg g -1 by closed-system fractional crystallization, at least 99Á9% crystallization is required. Molybdenum generally behaves rather incompatibly during melt fractionation, except for the fractionation interval between 20 and 100 mg g -1 Cs. In the latter interval, Mo accumulation in the residual melt may have been suppressed owing to exsolution of Mo-bearing fluids at the time of ore formation. mineralogically and geochemically very similar to the Chalk Mountain Rhyolite (Tables 1, 2 and 5). Both magmas were saturated in fluorite, aeschynite and monazite, and the melt inclusions analyzed from the porphyry dike are compositionally indistinguishable from the primary melt inclusions in the Chalk Mountain Rhyolite that contain between 30 and 100 mg g -1 Cs ( Fig. 6; Table 2 ). In the Y vs Nb diagram they plot clearly within the field of within-plate granites (Fig. 5a) , whereas in the (Y þ Nb) vs Rb diagram they plot in the field of syncollisional granites. As explained above, the latter is probably due to the buffering of Y and Nb concentrations by magmatic aeschynite. The compositions of quartz-hosted inclusions of plagioclase (Ab 89-94 An 04-07 ; n ¼ 13), sanidine (Ab 53 Or 46 ; n ¼ 1), ilmenite (35 62 mol % pyrophanite; n ¼ 9) and magnetite (7Á1 60Á8 mol % ulvö spinel; n ¼ 5) are also similar to those in the Chalk Mountain Rhyolite. In general, the two magmas thus appear to originate from broadly the same magma chamber, which once was sampled at a larger scale to produce the Chalk Mountain Rhyolite (potentially triggered by the arrival of a new batch of mafic magma), and once was sampled at a smaller scale to produce the rhyolite porphyry dike. However, there are also some differences. Quartz-hosted biotite inclusions in the rhyolite porphyry dike are slightly more iron-rich [Fe/(Fe þ Mg) ¼ 0Á45 6 0Á02; n ¼ 11] but less fluorine-rich (5Á9 6 0Á1 wt % F) than those analyzed from Chalk Mountain. Quartz-hosted melt inclusions in the rhyolite porphyry look optically similar to those of Chalk Mountain (Fig. 7d and e) , but they behave differently during re-homogenization at confined pressure. Whereas the melt inclusions from Chalk Mountain did not fully homogenize during heating to 800 C (i.e. far above their reconstructed trapping temperature of 710-760 C; Fig. 3 ), those from the rhyolite porphyry dike homogenized already at 750 C ( Fig. 7d and e) . Based on EPMA analyses the latter melt inclusions contain distinctly more H 2 O (5Á4 6 1Á2 wt %; n ¼ 11) than those of Chalk Mountain (2Á6 6 0Á6 wt % H 2 O; n ¼ 12), although the latter inclusions may originally have contained similar amounts of H 2 O before water loss. Chlorine concentrations are similar in both samples (0Á07 6 0Á03 wt % compared with 0Á09 6 0Á03 wt % Cl). However, fluorine concentrations are distinctly lower in the melt inclusions from the rhyolite porphyry dike (1Á1 6 0Á3 wt % F) compared with those of Chalk Mountain (3Á5 6 0Á4 wt %).
Another significant difference between the samples from Chalk Mountain and those of the rhyolite porphyry dike concerns the types of fluid inclusions present in the quartz phenocrysts. Whereas the samples from Chalk Mountain always contain two types of fluid inclusions (low-density vapor inclusions and hypersaline brine inclusions), those from the porphyry dike contain only one type of fluid inclusions of intermediate density and relatively low salinity (i.e. they are halite-undersaturated at room temperature; Fig. 7a-c) . The intermediate-density fluid inclusions in the latter samples occur both along secondary trails as well as around partly decrepitated melt inclusions (Fig. 7a) . In the latter case, because the cracks are confined to the immediate vicinity of the melt inclusion, the salinity of the contained fluid reflects the salinity of the magmatic bulk fluid. The contrasting fluid inclusion assemblages at Chalk Mountain versus the rhyolite porphyry dike are the result of contrasting entrapment depths, with the inclusions at Chalk Mountain being trapped at shallow subvolcanic levels (probably less than <0Á5 km) in the two-phase fluid field, and those in the rhyolite porphyry dike (in the crystalline basement in the footwall of the Mosquito fault) at !3 km depth in the single-phase fluid field. Because the rhyolite porphyry is mineralogically and geochemically very similar to the syn-mineralization Chalk Mountain Rhyolite (which is considered to be representative of the mineralizing magmas) the salinity of the intermediate-density fluid inclusions in the rhyolite porphyry is also considered to be representative of the bulk salinity of the mineralizing fluids, which seem to have been single-phase in the deeper ore bodies, but two-phase in the uppermost ore body (Hall et al., 1974 ). Eighteen negative-crystal-shaped fluid inclusions occurring around partly decrepitated melt inclusions and along secondary fluid inclusion trails were analyzed by microthermometry, and 10 of them additionally by LA-ICP-MS. The LA-ICP-MS results are summarized in Table 4 . Considering that 11 trails of fluid inclusions were measured in two samples, their microthermometric behavior was remarkably similar. Ice melting temperatures ranged from -8Á4 to -6Á0 C, corresponding to salinities of 9Á2-12Á2 wt % NaCl equiv (mean 10Á8 6 1Á0 wt % NaCl equiv ). Vapor-liquid homogenization occurred via disappearance of the vapor bubble at temperatures of 362-385 C (n ¼ 5). Corresponding isochores intersect the granite solidus at Melt inclusions in sample Clx6-K1 before and after re-homogenization at 2 kbar confining Ar pressure in a rapid-quench cold-seal pressure vessel. The melt inclusion in the lower left corner of the images was exposed to the surface and thus did not homogenize.
2Á5-3Á0 kbar; that is, much higher than the $1 kbar pressure inferred from stratigraphic reconstruction. Therefore, the fluid inclusions were probably trapped well below the magma solidus. To be consistent with entrapment at $1 kbar pressure they would need to have been trapped at 460-480 C. No clathrates were observed, and no CO 2 was detected by Raman spectroscopy in the vapor bubbles at room temperature. Because most fluid inclusions were too small to obtain LA-ICP-MS signals for all the elements that are used in the correction formula to transform NaCl equiv into NaCl real (Heinrich et al., 2003 ; in the present inclusions K, Mn and Fe) a constant value of 3Á4 wt % Na was used as internal standard for all LA-ICP-MS analyses. The results reveal fairly reproducible concentrations of K (1Á1 6 0Á4 wt %), Mn (0Á4 6 0Á1 wt %), Fe (0Á13 6 0Á05 wt %), Zn (890 6 140 mg g -1 ) and Pb (350 6 50 mg g ). The spread of trace element data is not surprising given the evidence that the fluids were trapped at subsolidus conditions. For this reason, the Mo content of the magmatic fluid is estimated below based on a salinity of 11 wt % NaCl measured in fluid inclusions around partly decrepitated melt inclusions (because the cracks are confined to the immediate vicinity of the melt inclusions, this salinity should also be representative of the magmatic fluid) and published fluid-melt partition coefficients determined on natural assemblages of compositionally similar fluid-and melt-inclusion pairs.
Alma white dike
Little new information can be presented for inclusions in this rock type because it is very fine-grained and is virtually free of phenocrysts. Nevertheless, four crystallized quartz-hosted melt inclusions were measured by LA-ICP-MS, and five more were re-homogenized and measured by EPMA. Because the melt inclusions could be completely re-homogenized (no vapor bubble left) and their SiO 2 contents are plausible for a very leucocratic rhyolite (77-79 wt % SiO 2 ; Supplementary Data Table S2 ), the EPMA data are considered reliable. Therefore, the LA-ICP-MS analyses were quantified using the average EPMA concentration value of 12 wt % Al 2 O 3 as internal standard. A slightly higher Al 2 O 3 value of 13Á1 wt % was determined for an LA-ICP-MS scan over the aphanitic rock matrix ( Sr, 530 mg g -1 Rb, 7 mg g -1 Cs). In view of the extremely leucocratic nature of the rock this result was unexpected. Also unexpected was the fact that the melt inclusion compositions plot clearly within the field of volcanic arc (I-type) granites in Fig. 5 , which indicates that the late white dikes of the Alma district may not be as closely related to the porphyry Mo-forming magmas at Climax as previously thought. The close match between melt inclusion compositions and an analysis of the fine-grained rock matrix (Supplementary Data Table  S1 ) precludes the melt inclusion-bearing quartz crystals being xenocrystic in origin; hence, the data should be representative.
Mafic enclave from the Bartlett stock
The trachybasaltic enclave investigated from the Bartlett stock contains macroscopic crystals of three different origins: (1) true phenocrysts of the mafic magma, including euhedral plagioclase laths of Ab 40 An 58 composition; (2) quartz and feldspar xenocrysts derived from the surrounding Bartlett stock magma; (3) coarse crystal aggregates consisting of plagioclase (Ab 53 An 43 ), biotite and Fe-Ti-oxides, which may represent microxenoliths from the underlying Silver Plume granite. LA-ICP-MS analyses were obtained from three melt inclusions and one sulfide inclusions in true plagioclase phenocrysts and from one melt inclusion in a quartz xenocryst. However, only one of the three plagioclasehosted melt inclusions could be plotted in Fig. 6 because in the other two inclusions Cs was below the detection limit. Additionally, two analyses of the finegrained rock matrix were made. The rock matrix and the melt inclusions in the plagioclase phenocrysts show similar major and trace element ratios (Supplementary  Data Table S1 ), for which reason the TiO 2 content of the matrix was used as an internal standard for quantifying the plagioclase-hosted melt inclusions. These analyses can be used to address the question of whether the mafic magma could have provided significant quantities of sulfur and ore metals to the felsic magmas.
The three analyzed melt inclusions contain between 0Á9 and 1Á3 mg g -1 Mo, which is similar to the Mo content of primitive arc basalts ($1Á2 6 0Á7 mg g -1 ; Bali et al., 2012) , slightly lower than that of oceanic island basalts (2Á4 mg g -1 , Sun & McDonough, 1989) , and distinctly lower than that of the felsic melt in the Bartlett stock ($10 mg g -1 Mo based on the one inclusion analyzed within a quartz xenocryst). The Mo content of the only analyzable sulfide inclusion (hosted in plagioclase) was not very high either ($40 mg g -1 Mo). The trachybasaltic magma is thus unlikely to have provided significant quantities of Mo to the felsic magma. The situation may be different for sulfur, however. The sulfur content of a sulfide-saturated melt of trachybasaltic composition is at least 0Á1-0Á2 wt % S (Scaillet & Pichavant, 2005; Liu et al., 2007) , which is more than one order of magnitude higher than the sulfur content of metaluminous rhyolite melt ( 100 mg g -1 ; Table 2 ; see also Luhr, 1990; Scaillet et al., 1998) . Hence, degassing of 10% trachybasaltic magma in the base of a compositionally zoned magma chamber could have provided more sulfur than was present in 90% of the overlying felsic magma (Wallace & Edmonds, 2011; Mercer et al., 2015) . Whether or not mafic magmas indeed contributed significant amounts of sulfur to the Climax magma system cannot be answered because the total amount of sulfur discharged at Climax is not known. What seems clear, however, is that all the sulfur is of magmatic origin, as revealed by its isotopic signature (Stein & Hannah, 1985) .
Reconstruction of magmatic P-T-fO 2 conditions
Constraints on the crystallization conditions of the mineralizing magma were obtained by the following methods: (1) zircon saturation thermometry; (2) two-feldspar thermometry; (3) magnetite-ilmenite thermometry and oxybarometry; (4) Ti-in-quartz (TitaniQ) thermobarometry. The results are summarized in Table 5 .
Zircon saturation temperatures were calculated based on the Zr content of the melt inclusions and the model of Watson & Harrison (1983) . Zircon saturation is demonstrated by the presence of numerous zircon inclusions in all growth stages of the investigated quartz phenocrysts. Furthermore, the analyzed melt inclusions are all metaluminous to slightly peraluminous in composition, which is another requirement for the application of this thermometer. Experimental studies have shown that zircon solubility in silicate melts is strongly enhanced in the presence of fluorine. However, the results are inconsistent. Whereas Keppler (1993) observed an exponential 30-40-fold increase in zircon solubility upon addition of 6 wt % F, Aseri et al. (2015) observed only a 1Á9-fold linear increase upon 8 wt % F addition. In view of the already rather low Zr contents of the melt inclusions analyzed in this study (59 6 21 mg g -1 in the Chalk Mountain Rhyolite; 45 6 20 mg g -1 in the rhyolite porphyry dike) a correction according to the results of Keppler (1993) does not seem to be reasonable, as in the case of the Chalk Mountain Rhyolite it would result in temperatures of only 550 6 30 C. Therefore, Zr concentrations measured in the melt inclusions were corrected according to the model of Aseri et al. (2015) before they were used for zircon saturation thermometry. For the melts of the Chalk Mountain Rhyolite, which contain 3Á5 wt % F on average, this correction results in a decrease in Zr concentrations of 28%, corresponding to a temperature decrease of 14-17 C. For the melts of the rhyolite porphyry dike with 1Á0 wt % on average, Zr concentrations are lowered by 10%, resulting in a temperature decrease of 7-8 C. Together with the quoted uncertainties regarding the quantification of the LA-ICP-MS data, overall uncertainties in the calculated temperatures amount to625 C and 615 C, respectively. Results for the Chalk Mountain Rhyolite range from 640 to 760 C, with a mode at 700-710 C. Results for the rhyolite porphyry dike range from 620 to 730 C, with a mode at 720 C. In both cases the temperatures correlate inversely with the degree of magma fractionation as recorded by Cs (Supplementary Data  Fig. S6 ).
Two-feldspar crystallization temperatures were derived by analyzing plagioclase inclusions within sanidine phenocrysts, hence the two minerals should be truly coexisting. Feldspar compositions were recast on an eight oxygen unit basis and temperatures were calculated using equation (27b) of Putirka (2008) , assuming a pressure of 2 kbar (see below). Results for the Chalk Mountain Rhyolite range from 640 to 780 C with a mode at 720 C. Uncertainties arising from the effect of pressure (6-7 C kbar -1 ) and the quantification of LA-ICP-MS analyses are small compared with the uncertainty of 630 C quoted for this thermometer (Putirka, 2008) . Reconstructed temperatures correlate weakly with the An content of the plagioclase. Feldspar phenocrysts in the rhyolite porphyry dike are altered; hence, only feldspar inclusions preserved in quartz phenocrysts could be measured. The composition of one sanidine inclusion plus 13 plagioclase inclusions suggests an entrapment temperature of $730
C. Fe-Ti-oxide thermobarometry (following Andersen & Lindsley, 1985) was first performed on coexisting magnetite and ilmenite grains in polymineralic clots within the rock matrix. However, despite the rather fresh and unexsolved appearance of the two minerals (Supplementary Data Fig. S3 ), they seem to have extensively re-equilibrated at subsolidus conditions. Ilmenite grains in the polymineralic clots contain far less MnO and TiO 2 than ilmenite inclusions preserved in quartz phenocrysts (1Á7 6 0Á2 vs 15Á7 6 2Á2 wt % MnO; 26Á6 6 0Á9 vs 46Á2 6 0Á4 wt % TiO 2 ; Table 3 ). Temperatures calculated from ilmenite and magnetite in the polymineralic clots are unreasonably high (810-820 C). For this reason, the samples were systematically screened for small (15-30 mm size) magnetite and ilmenite inclusions occurring within quartz phenocrysts, such that they were protected from subsequent interaction with magmatic-hydrothermal fluids. Entire such inclusions were ablated out of their quartz host by LA-ICP-MS, and their original composition was reconstituted by integrating the signals, hence postentrapment exsolution and recrystallization phenomena are effectively reversed. A disadvantage of this approach is that the grains cannot be proved to have been truly coexisting, except if they occur along the same growth zone within a given quartz phenocryst. The two magnetite inclusions and seven ilmenite inclusions analyzed from the Chalk Mountain Rhyolite show rather reproducible compositions (Supplementary Data Table S3 ), rendering it likely that they represent an equilibrium assemblage. Calculations were carried out with the ILMAT Excel spreadsheet of Lepage (2003) , which compares four mineral normalization schemes in combination with three thermobarometric calibrations. If the normalization schemes of Lindsley & Spencer (1982) and Stormer (1983) are combined with the thermobarometric formulations of Spencer & Lindsley (1981) and Andersen & Lindsley (1985) the results are consistent within 630 C and 60Á3 log units fO 2 of each other, and return conditions of 695-735 C and log fO 2 ¼ FMQ þ (1Á7-2Á3) (where FMQ is fayalite-magnetite-quartz), with a mode at 715-725 C and log fO 2 ¼ FMQ þ (2Á1-2Á2). Analyses of magnetite and ilmenite inclusions within quartz phenocrysts from the rhyolite porphyry dike returned very similar results: 680-730 C and log fO 2 ¼ FMQ þ (1Á8-2Á6), with a mode at 700-725 C and log fO 2 ¼ FMQ þ 2Á3. In general, these results are in excellent agreement with the temperatures derived from two-feldspar thermometry (mode at 720 C) and zircon saturation thermometry (mode at 700-710 C), and the calculated fO 2 values are also compatible with the amount of Mo present in the melt ($6 mg g -1 ), which requires a minimum oxygen fugacity of log fO 2 ¼ FMQ þ 2Á4 at 730 C based on molybdenite solubility models (Audé tat et al., 2011; Sun et al., 2014) . In contrast, application of the Fe-Ti-oxide thermobarometer of Ghiorso & Evans (2008) returns unreasonably low values of 570 C and log fO 2 ¼ FMQ þ 0Á4. TitaniQ was used to reconstruct the pressures of quartz phenocryst crystallization following the approach described by Audé tat (2013). In this approach, the major element composition of melt inclusions is used to derive the activity of TiO 2 in the magma, which is used together with the temperature obtained from zircon saturation thermometry and the Ti content of adjacent quartz to calculate pressure. Therefore, for each analyzed primary melt inclusion an entrapment pressure was calculated. TiO 2 activity was calculated based on the TiO 2 solubility model of Kularatne & Audé tat (2014) , which for the melt compositions of this study returns results that are very similar to those obtained with the model of Hayden & Watson (2007) . Because TiO 2 solubility is significantly enhanced in fluorine-rich melts (Keppler, 1993) , a correction was applied to account for this effect. Keppler (1993) observed that TiO 2 solubility in hydrous haplogranite melts at 800 C increases linearly from 0Á26 to 0Á47 wt % as the F content is varied from 0 to 6 wt %. For the melt inclusions of Chalk Mountain, which contain 3Á5 wt % F on average, TiO 2 activity was thus lowered by 33%; for the melt inclusions of the rhyolite porphyry dike, which contain 1Á0 wt % F on average, it was lowered by 13%. Pressure was calculated based on the TitaniQ calibration of Huang & Audé tat (2012) . For the samples investigated in this study, this TitaniQ model returns pressures that are on average 7 kbar lower than those obtained with the calibration of Thomas et al. (2010) . Results for the Chalk Mountain Rhyolite range from 0Á7 to 3Á7 kbar, with most values falling within the range 1Á2-2Á6 kbar, whereas the rhyolite porphyry dike returns mostly 1Á6-2Á5 kbar (Table 5; Supplementary Data Table S1 ). Unfortunately, these pressures are rather sensitive to the fluorinerelated corrections discussed above. In the Chalk Mountain Rhyolite, pressures calculated with uncorrected TiO 2 activities and zircon saturation temperatures are a factor of two higher; in the rhyolite porphyry dike they are higher by 30% (Supplementary Data Table  S1 ). No systematic differences are evident between core and rims of single quartz phenocrysts, or between the samples investigated from Chalk Mountain and those studied from the rhyolite porphyry dike. The lower pressure end of 0Á7-1Á7 kbar is in agreement with the minimum of $1Á0 kbar indicated by the 2Á7 km downfaulting along the Mosquito fault, and with minimum melt inclusion entrapment pressures of 1Á5 6 0Á8 kbar suggested by their H 2 O content of 5Á4 6 1Á2 wt % H 2 O [using the solubility model of Zhang et al. (2007) ].
In summary, the combined thermobarometric results suggest that the majority of phenocrysts in the Chalk Mountain Rhyolite and the rhyolite porphyry dike crystallized at 710-730 C, 1Á2-2Á6 kbar and log fO 2 ¼ FMQ þ (2Á1-2Á3). Some quartz phenocrysts may have grown at greater depth (up to 4 kbar) at temperatures as low as 650 C.
DISCUSSION
Comparison of the Mo content of the melt inclusions from Climax with that of melt inclusions analyzed from other occurrences is shown in Fig. 8 . Melts at Climax were not unusually rich in Mo compared with similarly evolved melt inclusions analyzed from barren and subeconomically Mo-mineralized intrusions. However, the late, secondary melt inclusions in the Chalk Mountain Rhyolite have extremely high Mo contents, which are the highest ever reported from natural rhyolite melts. These extremely evolved liquids are unlikely to have played a major role in the mineralization because their mass must have been very small. Based on their Cs content of 2000-4000 mg g -1 they were at least 50 times less abundant than the melts preserved in the primary melt inclusions (30-90 mg g -1 Cs), which, together with their $12 times higher Mo content (80 mg g -1 vs 6 mg g -1 ), means that they could have provided at most one-quarter of the amount of Mo that could have been provided by the parental Chalk Mountain Rhyolite melt.
The ore-forming fluids at Climax also do not seem to have been unusually Mo-rich. Based on (1) an average Mo content of 6 6 1 mg g -1 in the main mass of oreforming melt, (2) a salinity of 11 6 2 wt % NaCl equiv of the exsolving bulk fluid (as recorded in the intermediate-density fluid inclusions), and (3) an average fluidmelt partition coefficient of D Mo fluid/melt ¼ 18 6 4 determined on natural fluid and melt inclusions of similar composition in previous studies (Supplementary  Data Table S5 ), it is estimated that the ore-forming bulk fluid contained of the order of 100 mg g -1 Mo. This value is close to the maximum Mo concentration that was found in the intermediate-density fluid inclusions analyzed in this study (60 mg g ). If neither the melts nor the fluids at Climax and other porphyry Mo systems were unusually Mo rich, ore formation must be the result of unusually large amounts of fluid passing through the apical parts of the intrusions, as suggested by Lowenstern (1994) and Shinohara et al. (1995) . In their model, porphyry Mo formation results from the circulation of volatile-rich magma within narrow stocks or apophyses protruding from underlying batholith-sized magma chambers, thus allowing large quantities of metal to be provided despite low absolute Mo concentrations in the fluid and the silicate melt. This model is strongly supported by the presence of multiple, stacked intrusions that can be correlated with single ore shells but themselves are only little altered, implying that the mineralization took place when the magma in the stocks was still liquid. The same conclusion can be drawn from the common presence of unidirectional solidification textures in the top of the stocks or apophyses, demonstrating that large amounts of fluid exsolved at the magmatic stage and were periodically released into the overlying stockwork system. Fluid exsolution would also explain the lack of Mo concentration increase in the silicate melt between 20 and 100 mg g -1 Cs (Fig. 6) , as a D Mo fluid/melt partitioning value of 18 6 4 causes the Mo content of the melt to stay constant or even decrease during fluid-saturated fractional crystallization in melts containing !5Á6 wt % dissolved H 2 O. In contrast, fluorine partitions into the melt (i.e. D F fluid/melt < 1; Webster, 1990) ; hence, extended fractional crystallization and/or high flux of fluids through the melt portions within or immediately below the apophyses could explain the high fluorine concentrations observed in the melt inclusions and in magmatic biotite.
If we accept the idea that the ore-forming fluids emanated from the apophyses at a stage when they were still mostly molten, then we can make an order-ofmagnitude estimate of how much Chalk Mountain Rhyolite melt would have been required to produce the deposit. The Climax deposit contained a minimum of 2Á2 Mt Mo (Mutschler et al., 1999) , which required atleast 140 km 3 of Chalk Mountain Rhyolite melt containing 6 mg g -1 Mo (or an even higher volume of less fractionated melt) at 100% extraction efficiency. It is hard to imagine that Mo could have been efficiently extracted from such a large volume of magma within the short lifetime of single ore-forming apophyses or stocks without the convection mechanism proposed by , 2008) . OIB, average composition of ocean island basalts (Sun & McDonough, 1989) ; AB, average primitive arc basalts (GEOROC database; references given by Bali et al., 2012) ; LC, UC, BC, average lower crust, upper crust, and bulk crust (Rudnick & Gao, 2003) ; average composition of granite from Taylor (1964) . Lowenstern (1994) and Shinohara et al. (1995) . A prerequisite for this mechanism is the accumulation of large volumes of fractionated melt at the top of the magma chamber; thus the question that needs to be answered is: are porphyry Mo-forming magma chambers characterized by a more efficient segregation of fractionated melts and fluids into their apical parts than nonproductive magma chambers? This question will be tackled from two sides: (1) by looking at spatial distribution of evolved melts in barren and mineralized intrusions; (2) by looking at the geochemical characteristics and tectonic environments of rhyolitic volcanic rocks.
First, the term 'fractionated melts' needs to be defined. The relationship in Fig. 8 suggests that the minimum fractionation level required for porphyry Mo formation is about 15 mg g -1 Cs, which corresponds to 300-500 mg g -1 Rb in most magma systems (Supplementary Data Fig. S7 ). In the following, the term 'fractionated melt' will thus be used for melts containing !15 mg g -1 Cs and/or !300 mg g -1 Rb. Table 6 lists the estimated total volume of fractionated melt present in selected barren and mineralized intrusions and compares it with the volume of the largest contiguous mass of crystallized fractionated melt that is mappable in the field. The results demonstrate that contiguous masses of fractionated melt are generally smaller in barren and sub-economically Mo-mineralized intrusions (<0Á1 to <0Á5 km 3 ) than in economically mineralized intrusions (!1Á0 km 3 ). In the case of the Rito del Medio, Cañ ada Pinabete and Bear Canyon plutons this is probably the consequence of small intrusion size. However, in the case of the little-mineralized Stronghold Granite and the Treasure Mountain Granite the calculated total volumes of fractionated melt are !40-50 times higher than the largest contiguous masses observed in the field, whereas for Climax and Pine Grove only an $10-fold difference is estimated. This crude comparison suggest that fractionated melts may indeed have been more localized in productive intrusions than in non-productive ones. An exception may be the Drammen Granite, which shows a rather high degree of melt localization but is only sub-economically mineralized at the present erosion level. It is possible, however, that this intrusion originally hosted a porphyry Mo deposit at higher levels above the central mass of quartz feldspar porphyry.
Indirect evidence for efficient segregation of fractionated melts into the apical parts of porphyry Mo-forming magma chambers (or production of major volumes of highly fractionated melts in the first place) comes from a global survey of the fractionation degrees of rhyolitic volcanic rocks (Fig. 9) . The key point here is that rhyolitic magma could erupt only if it was present as a coherent body at depth (as opposed to a network of interstitial melt). Looking at Fig. 9 it is striking that rhyolitic melts containing >300 mg g -1 Rb are erupted exclusively in within-plate tectonic settings, whereas all melts in arc-related rhyolites contain <200 mg g -1 Rb. This observation is in agreement with the tectonic discrimination diagram shown in Fig. 5b , in which the field of arc-related granites terminates at 300 mg g -1 Rb. Granites or rhyolites containing >300 mg g -1 Rb occur also in collisional settings (i.e. S-type granites), but these are not of interest here. For the following discussion it is sufficient to remember that highly fractionated melts are typical of within-plate settings. Furthermore, nearly all within-plate rhyolites shown in Fig. 9 are in fact topaz rhyolites, which are considered as volcanic equivalents of Climax-type porphyry Mo-forming magmas (e.g. Burt et al., 1982; Christiansen et al., 1986; Keith et al., 1993; Mercer et al., 2015) .
If porphyry Mo-forming magma chambers indeed stand out owing to unusually efficient segregation of fractionated melts we should ask ourselves why this is the case. Reviews on the genesis of within-plate (or 'A-type') granites, which are regarded as less fractionated equivalents of topaz rhyolites (Christiansen et al., 2007) , have pointed out the following characteristics of A-type granites compared with subduction-related granites (e.g. Bonin, 2007) : (1) a higher degree of fractionation indicated by high concentrations of incompatible elements; (2) high fluorine contents; (3) low water contents (i.e. low F/H 2 O); (4) high magma temperatures; (5) a close spatial and genetic link to bimodal magmatism in a post-subduction, neutral to slightly extensional tectonic setting. It needs to be noted that the low water contents and high magma temperatures are characteristic only of relatively unfractionated granites or rhyolites; once fractionated to the level of topaz rhyolites, they show similar temperatures and have similarly high H 2 O contents to arc-related rhyolites.
A potential key role is played by fluorine because it is known to have profound effects on melt properties and magma evolution. It can promote high degrees of melt fractionation by lowering the magma solidus, thus extending the crystallization interval, and by lowering the melt viscosity, which facilitates residual melt extraction and accumulation in the apical regions of magma chambers. Although there is little agreement on whether or not fluorine enhances the solubility of H 2 O in the silicate melt (Webster, 1990; Johannes & Holtz, 1996; Dolejs & Baker, 2007) , it is clear that the presence of fluorine results in higher total amounts of dissolved volatiles, and thus in reduced melt viscosities. The results of Baker & Vaillancourt (1995) and Giordano et al. (2004) demonstrate that addition of 3Á5 wt % F to a melt containing 2 wt % dissolved H 2 O leads to a reduction of the melt viscosity by a factor of $8, whereas for a melt containing 4 wt % dissolved H 2 O the viscosity is reduced by a factor of $4. Furthermore, owing to the low fluid-melt partition coefficient of fluorine (<1Á0; Webster, 1990) , F-rich melts remain liquid even after substantial degassing, at conditions at which fluorinepoor melts have long reached their solidus. High fluorine contents may thus be a prerequisite not only for the development of the apophyses, but also for the subsequent circulation of volatile-rich magma within them. It is conceivable that once a high fluorine concentration has been reached in a silicate melt, a runaway effect starts that ultimately results in extreme melt fractionation. This is because high fluorine concentrations facilitate crystal fractionation, which itself leads to even higher fluorine concentrations in the melt, and so on. However, what fluorine concentration levels would be required to start such a mechanism? Did the oreforming magmas reach high degrees of fractionation as a result of high initial fluorine contents, or was it rather the other way around (i.e. are the fluorine concentrations simply the result of extensive fractionation)?
The relationship between fluorine content and degree of melt fractionation in rhyolitic magmas from different tectonic settings is shown in Fig. 9 . Owing to potential loss of F and other volatiles during magma degassing, only melt inclusion data have been used for this comparison. The data confirm that rhyolite melts in within-plate settings generally contain more fluorine than rhyolite melts in arc settings, a fact that has been known for a long time (e.g. Christiansen et al., 1986; Macdonald et al., 1992) . However, Fig. 9 also shows that fluorine concentrations are not simply a function of the degree of melt fractionation (although a broad correlation definitively exists), because melts with 300-500 mg g -1 Rb display F contents that vary by at least one order of magnitude, and because the trends of several datasets in this range have slopes that are much higher than unity. Trends starting above 600 mg g -1 Rb, however, have slopes that are around unity, as would be expected for the behavior of two incompatible elements during fractional crystallization. These relationships suggest that fluorine concentrations up to 1 wt % F (potentially even up to 2 wt % F) may be attained through processes other than fractional crystallization; for example, by low-degree partial melting of sources with variable F/Rb ratios, or by volatile fluxing. If this is true, then the commonly high fractionation level of withinplate rhyolites could be a consequence of high initial fluorine contents.
However, there are also other characteristics of within-plate magmatism that promote attainment of high fractionation levels. As mentioned above, withinplate rhyolites are part of a characteristic bimodal magmatism, as opposed to dominantly intermediate (andesitic) magmatism in arc settings. It has been pointed out that most andesitic arc magmas form through mixing between basaltic and rhyolitic magmas in mid-to upper crustal magma chambers rather than through fractional crystallization processes (e.g. Eichelberger, 1978; Reubi & Blundy, 2009) , and that the mixing events commonly result in magma eruption (e.g. Kent et al., 2010) . Whether this behavior is a consequence of intrinsic magma properties (e.g. H 2 O content, temperature), the magma production rate, or the stress regime is still a matter of debate (Annen et al., 2006; Reubi & Blundy, 2009 ). However, it seems clear that magma chambers in extensional settings are less likely to be 'disturbed' by major replenishment events, and thus have a higher chance to reach high degrees of fractional crystallization than magma chambers in arc settings. This does not mean that magma chambers in within-plate settings do not experience replenishment events. Although by far not as common as in arc settings, evidence for mafic-felsic magma interaction is frequently found also in porphyry Mo-systems and includes the presence of contemporary mafic dikes and enclaves (Keith et al., 1986; Bookstrom et al., 1988; Jones, 1990; Audé tat, 2010) , reversals in melt evolution trends (Mercer et al., 2015;  this study) and the presence of reversely zoned quartz and feldspar phenocrysts (Mercer et al., 2015;  this study). However, in contrast to the magma chambers in arc settings, these events seem to occur at a smaller scale and in a more 'gentle' fashion, and thus seldom result in large-scale magma mixing or mingling and catastrophic eruptions.
In summary, the formation of Climax-type porphyry Mo deposits appears to be a consequence of extended melt fractionation in rhyolitic magma chambers in within-plate settings, with fluorine potentially playing a key role leading to extreme melt fractionation and efficient segregation of fractionated melts and fluids into the apical parts of the magma chamber.
CONCLUSIONS
This paper presents the first comprehensive assessment of the ore metal content of melts, fluids and minerals in the magmas associated with the porphyry Mo deposit at the Climax porphyry Mo deposit, Colorado. Because most rocks within the mining area have undergone various degrees of deformation and are hydrothermally altered, this study focused on samples collected at several kilometers distance from the mine. Even in these rocks it was necessary to rely on inclusions preserved in quartz phenocrysts to reconstruct magma crystallization conditions, because minerals that were accessible by fluids were altered or reequilibrated at subsolidus conditions. The main outcomes of this study are summarized below.
The magma that was most closely associated with the mineralization events at Climax (i.e. the Chalk Mountain Rhyolite) was c. 10 times more evolved than average granite, had a geochemical signature of a within-plate rhyolite, and was saturated with unusual accessory minerals such as fluorite, aeschynite and ilmenorutile. Repeated interaction with mafic magma is indicated by reversely zoned quartz phenocrysts, the occurrence of trachybasaltic enclaves, and the presence of Cr-and Ni-rich biotite xenocrysts. Thermobarometric results suggest that the felsic magma crystallized dominantly at 710-730 C, 1Á2-2Á6 kbar and a log fO 2 of $FMQ þ 2Á2. The silicate melt contained 3Á5 6 0Á4 wt % F, 0Á09 6 0Á03 wt % Cl and !3Á0 wt % H 2 O (probably significantly more). Very high fluorine activity in the magma is also indicated by the presence of magmatic fluorite and by very high fluorine contents in magmatic biotite (8Á0 6 0Á1 wt % F). The viscosity of the silicate melt was up to one order of magnitude lower than that of fluorine-free melts at the same conditions, which could have greatly enhanced crystal-liquid separation and further melt fractionation.
The Mo content of the silicate melt in the Chalk Mountain Rhyolite (5-7 mg g -1 Mo) was not higher than that of similarly evolved melts in barren and subeconomically mineralized intrusions. Although Mo concentrations up to 100 mg g -1 were found in extremely evolved, residual melts present at near-solidus conditions, these liquids are unlikely to have provided more than 25% of the Mo present in the deposit. Similarly, coexisting saline brines (salt melts) containing 0Á3-0Á6 wt % Mo are unlikely to be representative of the mineralizing fluid. Intermediate-density fluid inclusions associated with partly decrepitated melt inclusions in the rhyolite porphyry dike suggest that the magmatic fluid had a bulk salinity of $10 wt % NaCl equiv and contained of the order of 100 mg g -1 Mo. Ore formation thus resulted from the focusing of enormous volumes of fluid through a small rock volume. Several lines of evidence suggest that these fluids exsolved from melts that circulated through narrow stocks and apophyses below the ore bodies. A prerequisite for this mechanism was segregation of substantial volumes of fractionated melts into the apical parts of Climax-type porphyry Mo-forming magma systems. Melt fractionation and crystal-liquid segregation appears to have been promoted by high initial fluorine concentrations and may be partly a consequence of other features of withinplate magmatism, such as low water contents, high magma temperatures, and low(?) melt production rates.
